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KNALQG SIMULATION OF THE PILOT COWROLLED 

RENDEZVOUS MANEWERS FOR LEM 

SUMMARY 

The rendezvous of a p i l o t  control led IEM spacecraft  with a lunar  
o r5 i t i ng  CSM spacecraft  w a s  simulated i n  six-degrees-of-freedom using 
an analog computer and a fixed-base simulator containing the  p i l o t  
controls  and instrument displays.  
from l inear ized  g rav i ty  equations w a s  used t o  a i d  the  p i l o t  i n  rendez- 
vousing w i t h  t he  CSM f r o m  both Hohmann and equiperiod type t r ans fe r s .  

Guidance ve loc i ty  information computed 

Results of the study ind ica te  t h a t  the  guidance equations d id  
a i d  the  p i l o t  i n  executing the  maneuver from both types o f  t r ans fe r  
o r5 i t s ;  howsver, t he  study a l s o  revea ls  t h a t  the  A V used t o  complete 
the  rendezvous using the  guidance w a s  almost twice the  t h e o r e t i c a l  
minimum A V necessary t o  perform the  same maneuver. This was  i n  part 
caused from having t o  t h r u s t  along individual  axes. In jec t ion  thrus t ing  
from a Hohmann t r a n s f e r  e l l i p s e  was made equal ly  w e l l  w i t h  e i t h e r  the  
ascent engine o r  RCS jets,  but the A V expenditure increased s l i g h t l y  
using RCS jets. The bes t  technique found f o r  i n j ec t ing  f r o m  an equi- 
period t r a n s f e r  e l l i p s e  w a s  t o  th rus t  with the ascent engine f irst  t o  
lower closing v e l o c i t i e s  and then  use t h e  RCS jets t o  c m p l e t e  the 
rendezvous. 

For a minimim A V change, i n j e c t i o n  thrus t ing ,  as the  study showed, 
should be delayed u n t i l  t he  in s t an t  before in te rcept  occurs, but t o  
assure p i l o t  s a fe ty  it must be i n i t i a t e d  a t  a f i n i t e  range. In  rendez- 
vousing fron the  Hohmann t r ans fe r ,  the in j ec t ion  th rus t ing  should be 
started a t  a range of about 5 naut ica l  m i l e s  using the  RCS j e t s  since 
the  r e l a t i v e  v e l o c i t i e s  are low. Huwever, f o r  the equiperiod t ransfer ,  
i n j ec t ion  th rus t ing  should be i n i t i a t e d  a t  a range of about 13 naut ica l  
m i l e s  so  that the RCS je ts  can be used t o  c m p l e t e  the  maneuver i f  the  
ascent engine fails. 

INTRODUCTION 

Successful lunar landing Apollo missions as now proposed require  a 
rendezvous o f  t he  Lunar Excursion Module (IJ3.M) with the  Command Service 
Module (CSM) i n  c i r c u l a r  o r b i t  about the moon. 
vous maneuver, a guidance system must be ava i lab le  t o  cont ro l  the  LF51 
during the t i m e  t he  maneuver i s  being executed. 

To e f f e c t  t h i s  rendez- 



Previous s tudies  have invest igated severa l  ty-pes of guidance and 
displays t h a t  coifid be used to  pe r fom the  rendezvous maneuver (refs. 1 
and 2).  Reference 1 evaluated the  a b i l i t y  of a p i l o t  t o  achieve a 
rendezvous through p i l o t  displays of e leva t ion  and azimuth angles, t h e i r  
angu la r  rates, range and range rate. 
range and range rate p i l o t  information. Both these s tud ies  assumed 
t h a t  t h rus t ing  w a s  confined t o  the longi tudina l  axis of t he  commuter 
spacecraft .  

Another study (ref. 2)  used only 

It i s  a l s o  possible,  however, t o  compute guidance ve loc i ty  infor -  
mation as a function of  time t o  in te rcept  and the present pos i t ion  of  
the  LEM and t o  d isp lay  these ve loc i ty  components t o  the p i l o t  f o r  
guidance piwposes. By matching the  ac tua l  ve loc i ty  components with the  
displayed guidance quant i t ies ,  the  p i l o t  i s  able  t o  place the  L E M  on a 
coasting in te rcept  t r a j ec to ry .  Within the  last m i l e  before in te rcept  
would o c c u  the  guidance information i s  disabled and the  p i l o t  performs 
the  remainder of the  maneuver by monitoring range and range rate 
d i r ec t ly .  

To provide information on the usefulness of t h i s  typs of  guidance 
information fo r  rendezvous, a simulation of  t he  lunar  o r b i t  rendezvous 
maneuver -ms conducted by the  Control and Guidance Systems Branch and 
the Fl ight  Dynamics Branch, Guidance and Control Division. It i s  the  
purpose of t h i s  dociment t o  present the  results of  t h i s  simulation. 

SYMBOLS 

A 

C 

I 
SP 

Rotat ional  matrix which transforms vector  quan t i t i e s  
from the body axis system t o  t h e  reference a x i s  system. 

Effec t ive  exhaust veloci ty ,  gIsp, f t / s e c  

Acceleration of  g r a v i t y  a t  e a r t h  sea level, f t / s ec  

Speciffc  impulse, see 

2 

LEM moments of  i n e r t i a  with respect  t o  the  Xb, Yb, and 

Zb axes, slug-ft 

Roll,  p i t ch  and yaw momepts arms, f t  

Mass of LEM, slugs 

Mass of  propellant used i n  making A V change, slugs 

2 
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~ p ,  Me,  M$ Roll, p i tch  and yaw control  moments about t he  I;EM body 
axis, f t - l b  

P, q, Roll, p i tch  and yaw rates of L;EM about the  (%, Yb, %) 
axis, deg/sec 

Components of the t o t a l  turning rate of L;EM with respect 
t o  i n e r t i a l  space re fer red  t o  t h e  I;EM body a x i s  system, 
deg/sec. (See equations A21, A22, and A23 i n  Appendix) 

pt.' %.' rt 

r P Posi t ion vector of LEM w i t h  respect  t o  center  o f  moon 

r Posi t ion vector of CSM with respect t o  center of moon 
S 

R Range along l i n e  of s ight  from LEM t o  the CSM, f't 

t Ellapsed t i m e ,  sec 

T Thrust, l b  

T%, Tyb, Tzb Translat ional  t h rus t  of LEM engines along Xb, Yb, and 
Zb axes respectively,  l b  

T YT Y T  Translat ional  t h rus t  of LEM engines referred t o  the  
'1 '1 reference axis system, l b  

T$, To, T9 Thrust producing angiilar accelerat ion about %' 'b.' and 

\ axes, l b  

n v  Change i n  r e l a t i v e  ve loc i ty  of LEM with respect t o  CSM, 
f t / sec  

(a, Yb, Zb) LEJ!4 body a x i s  system 

(XI, YI, ZI) Displacements measured i n  reference axis system located i n  
comand module, f t .  (The Z a x i s  i s  perpendicular t o  the  

plane of the o rb i t .  

of t he  o rb i t  with Y 

of t h e  moon and the  5 a x i s  pointing opposite t o  the 

d i rec t ion  of the  o r b i t a l  ve loc i ty  of t he  command module. ) 

I 
The XI and Y 

always pointing away from the center 

axes l i e  i n  the plane I 
I 
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Calculated reference v e l o c i t i e s  used f o r  guidance 
purposes i n  t h e  rendezvous maneuver, f t / s e c  'GI' 'GI 

m 
A 

-.- 
0 Spacecraft mass r a t i o ,  - 

O P  
m -M 

CT Standard deviation 

I- Time t o  in te rcept ,  sec 

P 9  0 ,  JI Angular displacements of LEM about t he  (%, Yb, Zb) 

axis system, degrees 

CUS Turning rate of t he  reference axis system necessary t o  
keep the  YI axis d i rec ted  away from the  center  of t he  

moon, rad/sec 

Subscripts 

a Actual 

b Relative t o  LEM body axis system 

I Relative t o  reference axis system 

0 I n i t i a l  condition 

A bar over a quant i ty  denotes a vector. 

A dot over a quant i ty  denotes first der iva t ive  with respect  t o  time; 
two dots  denote a second der iva t ive  with respect  t o  t i m e .  

DESCRIPTION OF SIMULATION 

General.- The rendezvous simulation was implemented by coupling an  
analog camputer so lu t ion  of t he  six-degrees-of-freedom equations of 
motion of the  LEM r e l a t i v e  t o  the  CSM with a simulated LEM cockpit. The 
cockpit as shown i n  f ig .  1, was equipped with a t t i t u d e  and t r a n s l a t i o n a l  
con t ro l l e r s  and instrument d isp lays  o f  the parameters which described 
the  r e l a t i v e  motion o f  the  LEN. 
are derived fo r  a ro t a t ing  set of  reference axes, as shown i n  f ig .  2, 
whose o r ig in  i s  located a t  the  C S l  center  of mass. The der iva t ion  of 
these equat ims;  for which a l i n e a r  g rav i ty  w a s  assumed, can be found 
i n  ref. 3 .  For the  purposes of t h i s  simulation, t he  CSM was assumed t o  
be i n  an  80 naut ica l  m i l e  c i r c u l a r  o rb i t .  

The equations of motion (see Appndix) 

The p i l o t ' s  t a sk  w a s  t o  
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control  the LEM using the  guidance veloci ty  information t o  achieve a 
given se t  of end conditions. 
with the RCS and/or ascent engine t o  match t h e  ac tua l  spacecraft 
ve loc i t i e s  with the  guidance ve loc i t ies .  
simulation i s  shown i n  f ig .  3. 

The p i l o t  accomplished t h i s  by thrus t ing  

A flow diagram of the  complete 

Guidance Equations.- The guidance equations used i n  t h i s  simulation 
were derived, as shown i n  the Appendix, from the l inear ized  equations of 
motion by se t t i ng  the thrust ing terms equal t o  zero. These equations 
were solved for  guidanc? ve loc i t i e s  as a function of present posi t ion 
and time t o  a nominal in te rcept  point. 
sions were obtained: 

The following reference expres- 

* s i n  a s  T + Y m s  T s i n  ws T - 14 (1 - cos ws I I: 
3 ws T s i n  w s  T - S(1 - cos w s  -r) 

XG* = ws 

. [25 (1 - cos w s  T )  + Y 1 (4 s i n  w s  T -  US T cos ws T )  

YGI = w s  
, 3 ws T s i n  w s  T - 8(1 - COS w s  T) 

Cockpit Displays. - The p i l o t  information display panel used i n  
t h i s  simulation i s  shown i n  f ig .  4. 
a 3-axis a t t i t u d e  and rate indicator,  3 posi t ion meters, 3 reference 
ve loc i ty  meters, 3 measured ve loc i ty  meters, a stop clock, a main 
engine fue l  meter, and an RCS fue l  m e t e r .  

The instruments used consisted of 

Functions of t he  instruments are as follows: 

1. Att i tude and rate indicator  - Provided roll, pi tch  and yav 
a t t i t u d e  of the LFM. with respect t o  the CSM. The ro t a t iona l  sequence 
from the  reference axis  systern t o  the LZM body a x i s  system was pi tch,  
yaw and r o l l .  LE24 body rates (pt, c+ r ) were displayed on the  rate 

indicators ,  
t 

2. Posi t lon meters - Indicated the posi t ion of  the  LEM r e l a t ive  
t o  the  CSM along the  reference xI, yI, z axes. I 

3. GuicJance,velocity meters - Displayed the  guidance r e l a t i v e  
ve loc i t i e s  (XGI, Y 

meters presented solut ions of’ t he  gliidance equations. 

) or’ the  L E M  along the  refer’ence t ra jec tory .  These GI 

, 9. yeasized ve loc i ty  meters - Displayed measured r e l a t i v e  ve loc i t i e s  
(XI, YI, ZI) of the I;EM i n  the reference coordinate system. 
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5. Stop-clock - Allowed the  p i l o t  t o  monitor elapsed time of the  
run. 

6. Fuel meters - Provided the  p i l o t  with information regarding the  
percentage of t r ans l a t iona l  and a t t i t u d e  fue l  remaining a t  any instari t  
i n  botn t n e  ascent engine tanks and RCS tanks. 

Translat ional  and Att i tude Controllers. - The vehicle controls  
shown i n  f ig .  5 ,  consisted of a three-axis t r ans l a t iona l  cont ro l le r  and 
a three-axis a t t i t u d e  cont ro l le r .  The t r ans l a t iona l  RCS jets, which 
gave t r ans l a t iona l  accelerat ion along the  body axes, were controlled by 
the p i l o t  d i r e c t l y  through the  l e f t  hand control ler .  
a l s o  operated the  5,030 lb t h rus t  ascent engine by reposit ioning a 
toggle switch on the  instrument panel. The ascent engine could be 
operated by pul l ing v e r t i c a l l y  upward (with respect t o  the p i l o t )  on the 
t r ans l a t iona l  corrtroller. Translat ional  accelerat ion from the ascent 
engine gas dirzcted along the  posi t ive LE24 X-body axis (see f ig .  6). 

This same cont ro l le r  

The a t t i t u d e  cont ro l le r  operated by the  p i l o t ' s  r i g h t  hand a l s o  
f i r sd  the  RCS j e t s  t o  provide angular accelerat ion about the LEM body 
axes. A deadband of +5 percent f u l l  s t i ck  def lec t ion  was used i n  t h i s  
cont ro l le r  t o  prevent inadvertent operation of the  RCS jets. 

Translat ional  and Att i tude Control Systems.- The p i l o t  controlled 
the t r ans l a t iona l  RCS je t s  open loop. 
on-off thrust ing.  The RCS j e t  configuration used i n  t h i s  simulation i s  
shown i n  f ig .  7. 

Operation of these j e t s  was by 

Operation of the a t t i t u d e  control  j e t s  was a l s o  by on-off thrust ing.  
Three modes of control  were possible with the  a t t i t u d e  control  system: 
(1) rate commarid w i t n  att i tude-hold,  (2) rate command, and ( 3 )  open-loop. 
The switching c i r c u i t s  used fo r  the ac t iva t ion  of t he  on-off t h rus t e r s  
incorporated a deadband of +2 degrees i n  a t t i t u d e  hold and .5 degrees 
per second i n  the  rate command system. The maximum angular accelerat ion 

rates i n  open-loop were 54 degrees/sec , 29.22 degrees/sec , and 

25.78 degrees/sec2 about the  \, Yb, and Z axes, respectively.  

maximum rate of 20 degrees/sec w a s  assumed fo r  the  rate-command mode. 
I n  a t t i tude-hold mode, the a t t i t u d e  feedback s igna l  was made proportional 
t o  the  d i rec t ion  cosines obtained from the matrix transformation. This 
allowed the  a t t i t u d e  hold c i r c u i t s  t o  function properly over a wide 
range of angular var ia t ions.  Figure 8 i l l u s t r a t e s  the  p i t ch  axis 
mechanization of  the a t t i t u d e  control  system; the  roll and yaw axes 
mechanizations were similar except fo r  inputs. The log ic  box shown i n  
f ig .  8 directed the  ro t a t iona l  and t r ans l a t iona l  control  s igna ls  t o  t h e  
proper RCS j e t  t o  prevent simultaneous ign i t ion  o f  opposing j e t s .  

2 2 

A b 
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Charac te r i s t ics  of Simulated LEM.- The LE34 simulated f o r  the  purpose 
of t h i s  study had the  following physical cha rac t e r i s t i c s :  

Mass = 141.8 slugs (including 19.4 slugs of fue l )  

2 = 2,260 siug-ft I zb 

2 = 1,990 slug-ft; 
Yb 
I 

2 = 1,174 s l~g-f t  'xb 

No center-of-gravity o f f s e t  or changes were assumed. The RCS je ts  

A t h r u s t  of 5,000 pounds could be obtained 
gave a t h r u s t  of 100 pounds each with a t o t a l  t h r u s t  of 200 pounds 
maximum along any one axis. 
along the  pos i t ive  % axis using the  ascent engine. The RCS je ts  and 

the ascent  engine produced t r a n s l a t i o n a l  acce lera t ions  of 1.42 f t / s ec  

and 3'3.46 f t / sec2  respectively.  
for  t h e  ascent engine. 

2 

A m u l t i s t a r t  capab i l i t y  was  assumed 

A s  cur ren t ly  proposed, the  LEM ascent  engine w i l l  have a t h r u s t  
of 3,500 pounds. A t  the  time t h i s  study was i n i t i a t e d ,  however, the  
T;EM ascent  engine was  proposed t o  have a t h r u s t  of 5,000 pounds. 
d i g i t a l  computer runs w e r e  made with a 5,000 pound t h r u s t  engine and the  
r e s u l t s  from these runs were used fo r  comparison with the analog 
simulation results, the  ascent engine t h r u s t  level used i n  the  analog 
simulation a l s o  had t o  be set a t  5,000 pounds. The spec i f i c  impulse 
used was 305 seconds. 

Since 

It was assumed t h a t  radar  and computer equipment were onboard LEN 

This information was not degraded i n  any manner, s m h  as with 
and functioning pe r fec t ly  t o  obtain the information displayed t o  the 
p i l o t .  
noise . 

TEST PROGRAM 

T e s t  Conditions. - Simulated rendezvous maneuvers were made from 
Hohmann and equiperiod type t r a n s f e r  o rb i t s .  
represented large perturbat ions from these nominal t r a n s f e r  o r b i t s  w e r e  
a l s o  used i n  some runs. 
conditions used. 
t r a n s f e r  o r b i t  and cases H2 through H4 rspresented perturbed conditions 

I n i t i a l  conditions which 

Table 1 contains a swmnary of the  i n i t i a l  
Case H l  placed t h e  LEN on the nominal or ideal Hohmann 
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o f f  the Hohmann t ransfer .  

H 3  and H4. 
near Hohmann t r ans fe r  cases i s  shown p i c t o r i a l l y  i n  f ig .  9. Case E l  
had i n i t i a l  conditions which corresponded t o  the  idea l  equiperiod 
t r ans fe r  o r b i t  f o r  the LEM and cases E2 and E3 represented perturbed 
conditions of f  the  equiperiod t r a n s f e r  orb i t .  No out-of-plane e r r o r s  
were used i n  these three runs. A diagram of  the  r e l a t i v e  i n i t i a l  
posi t ions of LIEM and CSM f o r  the equiperiod and near equiperiod cases 
i s  shown i n  f ig .  10. The large i n i t i a l  ve loc i ty  e r r o r s  used i n  t h i s  
simulation are unrea l i s t i c  considering t h e  r e l a t i v e l y  small range e r r o r s  
which were a l s o  used; however, they served the purpose of burdening the  
guidance task  t o  determine the e f f e c t  on p i l o t  performance. The i n i t i a l  
time t o  in te rcept  fo r  a l l  runs was held constant a t  600 seconds. I n  
order t o  satisfy t h i s  r e s t r i c t i o n  the Hohmann and equiperiod type runs 

Out-of-plane ( Z  ) e r r o r s  were used i n  cases I 
The i n i t i a l  re la t ionship  of ZFM and CSM f o r  the  Hohmann and 

I were started a t  maximun ranges of 65,000 feet and 250,000 feet respectively.  

I n  the  Hohmann t r a n s f e r  case, the  rendezvous maneuver w a s  considered 
complete when the range was less than 100 feet and the ve loc i ty  was less 
than 1 ft/sec. The equiperiod t r ans fe r  runs w e r e  assumed completed 
when the range was belov 1,000 feet with the  r e l a t i v e  ve loc i ty  less 
than 10 f t / sec .  
w a s  the  result of analog computer scal ing l imitat ions.  

The difference i n  these two types of  end conditions 

Run Schedule.- Altogether, two p i l o t s  made a t o t a l  of 93 runs. 
Fifty-nine of these runs were  made from the Hohmann and o f f  Hohmann 
t r ans fe r  orb i t s ,  four of which were without. guidance. O f  t he  th i r ty- four  
runs made from the  equiperiod type t r ans fe r  o rb i t s ,  five were without 
guidance. A major portion of a l l  the  rmis u t i l i z e d  e i t h e r  an a t t i t u d e  
hold or a rate command a t t i t u d e  control  system; however, eleven of t he  
runs were made with an open loop a t t i t u d e  control  system. 

Rendezvous Procedure.- For the runs i n  which the  guidance displays 
were operative, both p i l o t s  used asproximately the  same type of  rendez- 
vous procedure. This procedure consisted of i n i t i a l l y  matching tne 
ac tua l  IEM r e l a t i v e  ve loc i t i e s  and guidance r e l a t i v e  ve loc i t i e s  by 
commanding th rus t  as required. Once these v e l o c i t i e s  were matched, t he  
p i l o t  allowed the  IEM t o  coast along the  t r a j e c t o r y  u n t i l  a range was 
reached where thrust ing vas required t o  i n j e c t  the  LFM i n t o  the  CSM 
orbi t .  
engine w a s  used for  the thrust ing.  

This range depended on what combination of RCS je ts  and ascent 

The runs which were made without guidance displays i n  operation 
were done so  t o  determine hov e f f ec t ive  t n e  gllidance displays were i n  
a s s i s t i n g  the  p i l o t  i n  executing a rendezvous. 
p i l o t  performed the  rendezvous by monitoring only the actual LE24 rela- 
t i v e  veloci ty  and displacement meters. The p i l o t  attempted t o  control  

YI, and Z the  spacecraft  so  t h a t  the XI, 
reached zero simultaneously. 

I n  these runs, the  

rarlge and range rate components I 
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DISCUSSION OF TEST RESULTS 

- General.- In  analyzing the  data obtained frm t h i s  simulation, 
p i l o t  performance was evaluated pr imari ly  by the  t o t a l  A V made during 
the  rendezvolm maneuver as compared t o  the  theo re t i ca l  minimum A V 
necessary t o  execute the  maneuver. The theo re t i ca l  minimum A V values 
were obtained Porn d i g i t a l  conputer runs using a b i l i n e a r  acce lera t ion  
program f o r  the terminal rendezvous. From Shese runs the  t h e o r e t i c a l  
minimum A V f o r  t he  Hohmann and equiperiod t r a n s f e r  rendezvous were 
found t o  be 98.5 r t / sec  and 372 f't/sec respect ively.  I n  order t o  con- 
vert f u e l  usage, obtained from the analog simulation, t o  a n  equivalerit 
A V, the  following equation was used: 

A V  = C In A ( 3 )  

This study indicated t h a t  displaying re rerence ve loc i ty  information 
aided the  p i l o t  i n  accomplishing the  rendezvous maneuver. The study 
a l s o  revealed, however, t h a t  t he  pilot, used approximately twice t h e  
A V t h e o r e t i c a l l y  required t o  execute the  maneuver. I n  the case of the 
i d e a l  Hohmann transfer rendezvous, an average A V of the 189 f t / s ec  was 
used while t he  minimum A V required i s  98.5 f t / sec .  
used i n  the  i d e a l  equiperiod t r ans fe r  rendezvous was 618 f t / sec ,  whereas, 
t heo re t i ca l ly ,  t he  rendezvous can be made with a A V of 372 f t / sec .  
average end conditions f o r  a l l  cases invest igated are given i n  t ab le  2. 

The average A V 

The 

By allowing the  p i l o t s  t o  vary the  th rus t ing  schedule f o r  the  
terminal rendezvous, it was determined t h a t  the Hohmann t r a n s f e r  
rendezvous could be made using e i t h e r  the ascent engine or the  RCS je ts  
because of the  l o w  A V required. 
however, it was necessary t o  use the  ascent engine t o  lower the range 
rate t o  a l e v e l  which could be handled more e a s i l y  by the RCS j e t s .  
The maneuver can a l s o  be made using the  RCS je ts  alone, but a t  an 
increased A V expenditure. 

I n  the  equiperiod rendezvous case, 

A l l  runs made from bath the Hohmann and equiperiod type t r a n s f e r s  
yielded high A V  changes when compared with the t h e o r e t i c a l  minimum V. 
Some of t h i s  A V can be a t t r i b u t e d  t o  the f a c t  t h a t  the  guidance veloci ty  
w a s  displayed i n  camponents, consequently th,? ve loc i ty  changes had t o  
be made by components. 
w a s  due t o  p i l o t  ineff ic iency.  
w e l l  below the  averages and some were wel l  above the averages. 
i s  verified by t h e  standard deviat ion values given f o r  t he  A V averages 
i n  t ab le  2. These r e s u l t s  indicate  t h a t  p i l o t  e r r o r s  were cost ly .  

A la rge  port ion of the  excessive A V, however, 
Some runs were flown with a A V change 

This 

Ef fec t  of Guidance Law.- As  s t a t ed  earlier most of t he  simulation 
runs were made with guidance; however, a f e w  were made without guidance 
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t o  ind ica te  the  e f fec t iveness  of t h e  guidance equations. 
fo r  two cases ( H 3  and E2)  ran  with and without guidance are i l l u s t r a t e d  
i n  f ig s .  11 and 12. Large i n i t i a l  ve loc i ty  e r r o r s  were used i n  these 
cases, not because t h i s  can occur i n  the  real s i tua t ion ,  but r a t h e r  t o  
burden the  guidance t a s k  fo r  t he  maneuver. 
reduction i n  A V change (341 and 198 fps  f o r  t h e  cases shown) i s  obtained 
by using the  guidance equations. I n  performing rendezvous without 
guidance information, p i l o t  performance was primarily dependent upon 
how w e l l  t he  i n i t i a l  ve loc i ty  correction w a s  accomplished. 

Typical results 

I n  both cases a s ign i f i can t  

Hohmann Transfer Rendezvous. - A t y p i c a l  rendezvous t r a j e c t o r y  from 
the  idea l  Hohmann t r a n s f e r  e l l i p s e  (case Hl) using guidance i s  shown i n  
f ig .  l3a. Thrusting f o r  the  run  was accomplished with the  ascent engine 
and the  point  a t  whiGh t h r u s t  w a s  applied can be seen i n  f ig .  l3b. I n  
a Hohmann t r ans fe r ,  Y 

as X nears in te rcept .  Therefore, i n  t h i s  type of rendezvous, t he  

t h r u s t  must be d i rec ted  along the  X axis. The A V used i n  this run was I 
195 f t / sec .  

and Y go t o  zero simultaneously, but 5 increases  I I 

I 

Another rendezvous from the  idea l  Hohmann t r a n s f e r  using guidance 
and the  RCS j e t s  alone i s  shown i n  f ig .  14a. A s  can be seen i n  f ig .  14b, 
th rus t ing  was  i n i t i a t e d  a t  a g rea t e r  range i n  t h i s  run than it was when 
the  ascent engine w a s  used. The A V required t o  make the  rendezvous 
w a s  230 fps  which i s  somewhat g r e a t e r  than t h e  average. 
A V occurred because the  L E M  deviated from the  i d e a l  t r a j e c t o r y  more 
than i f  t h e  ascent engine had been used s ince th rus t ing  w a s  started a t  
a g rea t e r  range. 

The l a r g e r  

Equiperiod Transfer Rendezvous.- It w a s  found t o  be very d i f f i c u l t  
t o  complete the  rendezvous maneuver from the equiperiod t r a n s f e r  e l l i p s e  
using only the  RCS j e t s  before a l l  t h e  ava i lab le  f u e l  w a s  used. The 
reason fo r  t h i s  i s  t h a t  t he  equiperiod t r a n s f e r  case involves much 
higher relative v e l o c i t i e s  than t h e  Hohmann t r a n s f e r  case. The p i l o t  
found it much e a s i e r  t o  make a la rge  par t  of the  A V change with the  
ascent engine, thus  h i s  performance w a s  more e f f i c i e n t .  

A t y p i c a l  rendezvous t r a j e c t o r y  flown with guidance from the  ideal 
equiperiod t r a n s f e r  o r b i t  i s  shown i n  f ig .  l5a- The A V required t o  
execute t h i s  rendezvous w a s  627 fps  and the  point  a t  which t h r u s t  w a s  
applied i s  shown i n  f ig .  15;. From t h i s  f igure,  it can be seen t h a t  
i n  the  equiperiod t r a n s f e r  X and X go t o  zero simultaneously and thus  

thrus t ing  must be d i rec ted  along t h e  Y ax is .  
I I 

I 

In  considering the rendezvous made from the equiperiod o r b i t ,  it 
must be noted t h a t  t he  LZN mass (141 slugs) w a s  the  same as t h a t  used i n  
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the Hohann runs. This i s  a l i g h t e r  configuration than w i l l  e x i s t  i n  
a c t u a l  conditions f o r  an equiperiod t r a n s f e r  rendezvous. Moreover, t he  
ascent engine t h r u s t  l e v e l  of 5,000 pounds w a s  1,500 pounds higher than 
the  a c t u a l  I;EM ascent engine. Thus, the  acce lera t ion  c a p a b i l i t i e s  
during a t r u e  equiperiod rendezvous w i l l  be lower than those used i n  
t h i s  simulation. Even with t h i s  higher acce lera t ion  capab i l i t y  it was 
found t h a t  t he  ascent engine should be used t o  reduce most of the  i n i t i a l  
ve loc i ty  difference t o  prevent la rge  expenditures of A V. 

Ef fec t  of At t i tude  Control System. - Three types of a t t i t u d e  cont ro l  
systems - at t i tude-hold,  rate-command, and open-loop - were used t o  
evaluate  t h e i r  e f f e c t  on the  p i l o t ' s  a b i l i t y  t o  execute t h e  maneuver. 
P i l o t  performance w a s  roughly the  same using e i t h e r  t h e  att i tude-hold 
or rate-command systems, but t h e  open-loop a t t i t u d e  cont ro l  system 
cDmplicated the  p i l o t ' s  t a s k  because of t h e  r e l a t i v e l y  la rge  cont ro l  
acce lera t ions .  
runs  made w a s  6.08 pounds. 
23.77 pounds and oocurred during a rendezvous using open-leap a t t i t u d e  
control .  

The average weight of a t t i t u d e  f u e l  used i n  a l l  the  
The maximum used i n  any one run was 

Becommended Thrusting Schedule. - I f  a minimum A V expenditure were 
the  primary consideration i n  the  rendezvous maneuvzr, the in j ec t ion  
th rus t ing  should be i n i t i a t e d  a t  the last possible  moment (seconds before 
impact with CSM) since there  i s  less deviation from the  i d e a l  t r a j e c t o r y  
when thrus t ing  i s  started c loser  t o  the  in t e rcep t  point .  Howevtr, a 
major fac tor  i n  considering any th rus t ing  schedule i s  p i l o t  safety. If 
th rus t ing  were delayed t o  a range a t  which the  rendezvous could be made 
only by using the  ascent engine, and i f  the  ascent engine were t o  fa i l )  
then the  rendezvous would be very d i f f i c u l t  t o  complete from such a 
short  range using only the  RCS jets.  It should be kept i n  mind t h a t  t he  
range t o  the  in te rcept  point  was r e s t r i c t e d  i n  t h i s  problem because the  
t i m ?  t o  in te rcept  ( 7 )  w a s  held constant. If t h e  optimum time t o  i n t e r -  
cept had been computed by the  method given i n  re f .  5 ,  the  range l i m i t  
would not have ex i s t ed  and the  A V  changes made probably wauld have been 
smaller. If t h e  LEN were on a Hohmann t r a n s f e r  and t h i s  occurred, t he  
rendezvous would s t i l l  have t o  be made on t h a t  o r b i t  because on the  next 
o r b i t  t he  LFM would be f a r t h e r  away from the  CSM. I n  t h i s  case, t he  
LFM would have t o  catch up t o  t h e  CSM because the  CSM would pass the  
LZN before t h e  RCS je ts  could i n j e c t  the  LEM i n t o  the  CSM o rb i t .  I f  an 
equiperiod t r a n s f e r  w e r e  being flown and t h i s  failure occurred, it would 
probably be possible  t o  make another o r b i t  and start the  th rus t ing  a t  
a g r e a t e r  range with the  RCS je ts  during the  next pass. 

There i s  a l s o  the  problem o f  not being ab le  t o  see the  CSM from the  

This 
LEM, e i t h e r  visually or with radar ,  when the  ascent engine i s  used 
because o f  t h e  a t t i t u d e  which must be maintained during thrus t ing .  
a l s o  makes it des i rab le  t o  t h r u s t  with the  ascent engine a t  a g rea t e r  
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range so tha t  t he  IEM can be turned around before f i n a l  thrust ing with 
the RCS j e t s  i s  required. 

A th rus t ing  schedule which could be used f o r  the  rendezvous maneuver 
from the equiperiod t r ans fe r  i s  shown i n  f ig .  16. 
based on a LE34 mass of 251.6 slugs and an ascent engine t h r u s t  of 
3,503 pounds which are considered t o  be more representat ive of the  t rue  
LJ3M f o r  the equiperiod case than those values used i n  t h i s  simulation. 
Thrusting should be i n i t i a t e d  with the  ascent engine a t  appraximately 
13 naut ica l  m i l e s  t o  i n j e c t  the  L;EM i n t o  the  CSM orb i t .  Ascent engine 
th rus t  i s  terminated at a closure r a t e  of 150 fps. If the  ascent 
engins fails, then 4 RCS j e t s  can be used from the  same range, except 
that thrus t ing  i s  stopped at a range r a t e  of 100 fps. A f t e r  e i t h e r  of 
these periods of t h r u s t  a coasting period e x i s t s  and there  i s  s t i l l  
enough range (t ime) avai lable  t o  t u r n  the  IEM around t o  obtain v i sua l  
and radar  csntact  before thrus t ing  i s  required again. The f i n a l  
th rus t ing  with the  RCS je ts  from a range of 5 naut ica l  miles depends on 
individual p i l o t  preference ( the  p ro f i l e  indicated i n  t h i s  region i s  
fo r  i l l u s t r a t i v e  purposes) 

This schedule i s  

In  the  Hohmann t r a n s f e r  case, it i s  expected t h a t  the  range rate 
w i l l  be less than l 5 O  fps  a t  a range of 5 naut ica l  miles and thus two 
RCS jets are su f f i c i en t  fo r  t he  thrus t ing  task  required since the LEN 
m a s s - w i l l  be only about 141 slugs. Thus, the th rus t  schedule w i l l  be 
quite similar t o  the last  phase (f'rom 5 n. m i )  of the t h r u s t  schedule 
for the  equiperioc3. t r ans fe r  and requires  only two RCS jets. This allows 
v isua l  and radar contact t o  be maintained during the  e n t i r e  terminal 
maneuver. 

CONCLUSIONS 

1. The l inear ized  set of guidance equations used i n  t h i s  simulation 
was  e f f ec t ive  i n  a iding the  p i l o t  t o  perfomn the  rendezvous maneuver 
even when large in i t ia l -condi t ion  e r r o r s  were assumed. 

2. The t o t a l  A V expended t o  perform the rendezvous maneuver even 
with the guidance displays operating, average almost twice the theore t i -  
c a l  minimum A V required t o  make t h e  maneuver. 
could probably' be reduced i f  the guidance ve loc i t i e s  were resolved in to  
one resu l tan t  ve loc i ty  and displayed as such. 

This A V expenditure 

3. P i l o t  performance w a s  the same using e i t h e r  an at t i tude-hold o r  
a rate-command a t t i t u d e  control  system; however, the open-loop a t t i t u d e  
control  system complicated the  p i l o t s  task  somewhat because of the 
r e l a t i v e l y  large control  accelerat ions avai lable .  
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TABLE 1.- INITIAL CONDITIONS 

- 
:a se 

H 1  

H2 

H3 

H4 

E l  

E2  

E3 
- 

Trajectory 

Hohmann 

Hohmann 

Hohmann 

Hohmann 

Equiperiod 

Equiperiod 

Equipe riod 

% 
ft/sec 

+ 47.863 

+308.545 

-212.818 

-212.818 

+116.412 

+625.882 

$1 
f t /sec 

+ 96.615 

+ 939 875 

+ 99.355 

+ 30.000 

-311.254 

-331.874 

-290.634 

--E--- I 
ft/sec 

0 

0 

-50 

+50 

0 

0 

0 

feet  

.. 48,883 

- 46,439 

- 51,327 

., 51,321 

-118,396 

-124,316 

-112,477 

yI 
feet 

- 29,636 

- 29,154 

- 31,118 

- 31,118 

+209,554 

+199,077 

+220,033 

zI 
feet 

0 

0 

+3000 

+3000 

0 

0 

0 



TABLE 2.- AVERAGE END CONDITIONS 

. Test ' Translational Fuel 1 Attitude 
I Case lb v 1 6  Fuel-lb 

H1 86.88 1 189 fps ' 24.53 5.01 
f I 

i I 

H2 235.261 519 fps ' 40.48 5.05 

H3 243.89 [ 539 fps 30.14 9.14 

H4 1320.76 716 fps 32.17 7.88 
1 

EL 278.86 618 fps 52.71 4.92 

Range ! Elapsed 
Time-see i Feet , 

1 
759 22 48.72 

i 

711.43 51 = 99 

788. gi 31.73 

752 27 64.66 i 

807 53 
1 476.34 1 1 

E2 i418.28 I 944 fps 38.66 

E3 503.67 1 1148 fps 79.94 I 

5.99 855.31 I 503.34 1 
4.29 848.80 1 597.63 j 

I 
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Figure 2.- Rota t i ng  reference c o o r d i n a t e  system 
centered i n  CSM, 



Figure 3 , -  Simulator f l o w  diagram, 



S- 63-11655 



S- 6 1 
iu 
0 



21 

f 

Figure 6,- 



=( 

Right shoulder line 

=( 

Right shoulder line 

Spine lin' 

Figure 7,- RGS j e t  configuration for LEM. 
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Figure 11.- Runs involving initial deviations f r ,om the Hohmann 
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APPENDIX 

DEVELOPMENT OF GUIDANCE EQUATIONS 

The l inear ized  equations of motion of a mass measured i n  a ro t a t ing  
reference frame which moves i n  a c i r cu la r  o r b i t  a r e  given i n  r e f .  3 as: 

.. TxI X - 2 c u Y = -  m 

.. . 2 TYI 
Y + 2 u X - 3 L o Y = -  m 

*’ 2 T Z I  z + a z = -  m 

For zero t h r u s t  inputs, the solut ions t o  equations (Al), ( M ) ,  and 
(A3)  y ie ld  the following expressions for  posi t ions and ve loc i t i e s  of 
the LEN relative t o  the  CSM: 

cos cost 3 = 2 ( 3  - 3 Yo s i n  cu t - - yo 

+ ( 6yo - 7) ast + (xo + 5-) 

yI = (F 2 io - 3 Yo) cos co3 + - YO s i n  a t 

( O a:) 

> .  2 J o  
Lu 
S 

3 io 

S 

2 2  
I- 4 Y  - -  

. 
0 
L 

0 

S 

z = z c o s i  t + - sincu t I o  S a S 



* 

- 3 Yo cos L U s t  i I =2u) S ( 2  ) 

- 2 io) s in  u) t -t- + cos u) t YI = ( 3  Yo us S 0 S . 
0 
Ll 

0 - -  cos w s t  - Zo s i n  cu t 
S iI -u) 6 

These equations therefore  express the  posi t ion and ve loc i ty  of t he  
f e r ry  i n  terms o f  i t s  i n i t i a l  conditions. If, however, the  posi t ion of 
the L;EM i s  known a t  any time,and in te rcept  conditions are desired a t  
some future time T,  then it i s  required t h a t  t he  posi t ions 

be equal t o  zero when the  elapsed t i m e  t i s  equal t o  T. Making these 
subs t i tu t ions  i n t o  equations (Ab) ,  (A5), and (A6) gives  the following 
expressions for  guidance ve loc i t ies :  

XI, yI’ zI 

* 0 [6 LU S T - 14(l-cos u) T) ’1 s i n u ) ~ + Y  
S 

3 C D ~ T  s i n  O ~ T  - ~ ( L C O S  u) T) 
S 

x = c u  
0 S 

x (1-cos u) T )  + yo (4  s in  u) 7-3 C U ~ T  cos 
0 S S 

3 u) T s i n  u) T - 8(1-cos u) T) 
S S S 

- Zo io - - t a n  O ~ T  

z ) equal t o  
0’ yo’ 0 

By se t t i ng  the  values for the  i n i t i a l  posi t ion ( X  

values of present posit ion,  determined by onboard radar and data  
processing equipment, equations ( A l O ) ,  ( A l l ) ,  and ( A 1 2 )  y ie ld  the 
ve loc i t ies  necessary for an in te rcept  of the CSM by the  LF51 on a non- 
thrust ing t ra jec tory .  
as guidance ve loc i t ies .  Used i n  t h i s  manner the  equations appear as: 

These ve loc i t i e s  were presented t o  the p i l o t  
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[6 L U ~ T  s i n  cu T - 14 (1-cos cu I S 
s i n L u ~ + Y  

S 
3 cu T s i n  cu T - 8(1-Cos w T )  

S S S 

2 5 (1-cos cu T )  + Y (4 s i n  cu T - 3 cu T cos 
S 1 S S 

3 . ~ ~ 7  s i n  cu T - ~ ( L C O S  cu T) 

$1 

S S 
YRI = Lu 

S 

L 

zI 
t a n  cu T 

S 

cu = angular ve loc i ty  of the  ro t a t ing  coordinate system r e l a t i v e  
S 

t o  i n e r t i a l  space. 

W = 8.5430493 x radianslsec)  

(For the 80 naut ica l  m i l e  o r b i t  about the  moon, 

S 

To solve the equations of motion i n  the  i n t e r t i a l  frame of  
reference, the body t h r u s t s  were resolved i n t o  i n e r t i a l  components by 
the matrix transformation 

where "b" denotes the  L;EM body a x i s  system (see f ig .  6 
the  CSM centered reference axis system. 

m . 6 )  

denotes 

The LF51 body angular rates w e r e  obtained by  integrat ing the  
following angular accelerat ion equations with respect t o  time: 



)Ib = 

r =r+cuZ T 

-A(e,p II (A20 1 

- 

Using these LEM body angular r a t e s ,  the Euler angle r a t e s  were determined 
by solving the equations shown on the following page: 
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. c+ cos 9 - rT s i n  $4 
cos \JI e =  

9 = 9.r s i n  $4 + r cos p) T 

0 .  

9 = pT - 6 s i n  

In  t h i s  manner the Euler angles were constant ly  updated for use i n  the 
matrix transformations. These Euler angles were a l s o  displayed on the 
v isua l  a l l - a t t i t u d e  indicator .  


